Resonantly enhanced multiphoton ionization, REMPI (2 color, 1 + 1 ), and zero electron kinetic energy-pulsed field ionization, ZEKE-PFI, spectra are reported for the first organometallic radical, CdCH 3 . The combined REMPI and ZEKE-PFI data have necessitated a change of assignment for one of the bands of the A 2 E ← X 2 A 1 electronic transition of the neutral radical. The new assignment and the revised molecular parameters are reported. The ZEKE-PFI spectrum yields the adiabatic ionization potential for the CdCH 3 radical and four of the six possible vibrational frequencies of its cation. Clearly resolved rotational (K level) structure is observed in some bands of the ZEKE-PFI spectrum, providing a unique experimental test for newly-extended ZEKE-PFI rotational selection rules.
ions. This technique has generated great excitement because of the detailed knowledge it provides about the ionic states of molecules. However, for the most part, the ions studied have been the cations of closed-shell non-reactive molecules. Nonetheless there have been a few seminal works extending ZEKE-PFI studies to open-shell reactive intermediates. Most notable among these studies are the investigations of the hydroxyl, 3 While existing results are still sparse, the potential for the study of the cations of reactive species is considerable. Many of these cations are key intermediates in a variety of chemical reactions ranging from atmospheric to synthetic organic. We have therefore constructed a ZEKE-PFI apparatus with the principle aim of using it to study reactive chemical intermediates. Our first successful experiments towards that goal have involved organometallic radicals, the metal monomethyls, where the metal belongs to the IIA or IIB group. In this paper, we describe our results for the CdCH 3 radical.
There have been several spectroscopic studies [10] [11] [12] [13] [14] [15] [16] [17] of the cadmium monomethyl radical, CdCH 3 , since it was first observed just over two decades ago. A series of experiments on the radical in a free jet environment have determined the vibrational 13, 14 and rotational constants 16, 17 for its A 2 E and X 2 A 1 states. This radical as well as the similar species (ZnCH 3 ) are of practical importance as they have been shown to be intermediates 15 in a laserinduced metallization process for integrated circuit production 18 . It is also a member of the closely related family of metal methyl radicals whose ions include MgCH knowledge of the spectroscopy of these radicals and their ionic states can be invaluable in investigating reactions in which they play an important role as intermediates.
CdCH 3 was first observed by Young 12 in 1973 in a flash photolysis experiment. In this study they obtained an UV absorption spectrum and assigned two electronic band systems, A 2 E ← X 2 A 1 and B 2 A 1 ← X 2 A 1 , as well as several vibrational frequencies. Subsequent laser induced fluoroscence (LIF) studies [13] [14] [15] on this molecule also reported the same band systems but the rotationally resolved study 16 indicated that most of the features assigned to the B 2 A 1 ← X 2 A 1 system are in fact due to transitions in CdH.
This paper is the first in a series in which we investigate the spectroscopy of the monomethyl family of radicals and their ionic states using the resonantly enhanced multiphoton ionization (REMPI) and ZEKE-PFI techniques. For each of the molecules we will identify the ionization threshold and vibrational frequencies for the ground state of the ion.
To effectively obtain this information about the ion using the ZEKE-PFI technique, it is necessary to first understand the spectroscopy of the neutral, particularly its This leaves open the question of the location of the upper 2 E 3/2 spin component. We believe that the answer to this question has recently been provided by an ongoing series of experiments involving fluorescence depletion spectroscopy within our group 19 which attributes the upper spin component of the origin to a feature which is not seen in either the LIF nor the present REMPI studies because of its rapid non-radiative decay.
II. EXPERIMENTAL
The experimental setup has been described elsewhere 20 but a brief summary will be presented here. The CdCH 3 radicals were produced from the precursor molecule, cadmium dimethyl, by photolysis with an ArF excimer laser focused by a 50 cm focal length lens to just in front of the nozzle orifice in a supersonic free jet expansion backed by 25-35 psi of
He. The flow of He passes over the liquid precursor contained in a stainless steel bomb.
The bomb is submerged in a thermostated bath and kept at -5 o C. The pulsed supersonic expansion, from a 700µm nozzle attached to a pulsed valve (General Valve, IOTA One), was skimmed by the 1.5 mm skimmer separating the first chamber from the second, high vacuum, ionization chamber. About 10 cm downstream from the skimmer, the molecular beam passes through the ionization region of the mass spectrometer, consisting of a pair of parallel plates (separation 3 cm). The mass spectrometer used for both the REMPI and the ZEKE-PFI experiments is mechanically the same. The lower plate forming the ionization region acts a repeller accelerating the ions or electrons into a 26 cm flight tube. The detector at the end of the flight tube is a set of microchannel plates. The voltages applied during the two experiments are described below.
For both the REMPI and ZEKE-PFI experiments, the same laser systems were used.
As this was a (1 + 1 ) ionization scheme, two laser beams are produced from a pair of dye lasers (Spectra Physics, PDL-2E and PDL-1) which are pumped by the second and third harmonics of a Nd:YAG laser (Spectra Physics, DCR-2A). The output of one of the dye lasers (PDL-2E), pumped by the third harmonic of the Nd:YAG, was used to excite the neutral radicals to the A 2 E state (excitation laser). The second dye laser beam, pumped by the second harmonic of the Nd:YAG was doubled using a KDP crystal and was used to ionize the radical (ionization laser). The two laser beams pass into the vacuum system through a Brewster window. The arrangement of the laser beams is such that they enter the chamber with a slight angle between them, crossing in the center of the chamber. The path of the two beams was adjusted so that at the center of the ionization region, the two laser beams overlapped temporally.
A Fe/Ne hollow cathode lamp was used to calibrate the fundamental frequency of the ionization laser via the optogalvanic effect. The Fe and Ne lines were less suitable for calibration of the excitation laser due to the congestion of the optogalvanic spectra and significant differences between the optogalvanic and the tabulated emission spectra in this spectral range. Fortunately, very precise, high resolution data on A ← X CdCH 3 transitions are available 16 . Calibration of the excitation laser was verified and corrected using spectral line profiles simulated from the high resolution data. The frequencies reported here are believed to be accurate to ±2 cm −1 .
Although the general setup is the same for the REMPI and ZEKE-PFI experiments, the ionization and detection schemes are different. In the REMPI experiment the excitation laser is scanned through the vibrational levels of the excited electronic state while the ionization laser is kept at a fixed frequency sufficiently energetic to ionize the excited molecules. For detection of ions, a DC voltage of 150 V was applied to the lower plate of the ionization region which accelerated the ions into the flight tube (held at -650 V) and subsequently on to the multichannel plate detector. The resulting signal passed through an AC coupler (present only because it was necessary when detecting electrons and the same detector was used for both ions and electrons) was amplified and sent to a transient recorder (LeCroy TR8818). The signal from the transient recorder was sent to a personal computer, processed, and stored.
In the ZEKE-PFI experiment, the excitation laser is kept at a fixed frequency tuned to a transition between the X 2 A 1 vibrationless level and a vibronic level of the intermediate
A 2 E state while the ionization laser was scanned from the ionization energy through the region of interest. In the ZEKE-PFI experiment, the lower plate of the ionization region was pulsed 1 µs after the ionization laser was fired to a voltage between -0.2 and -10 V.
In these experiments the flight tube was held at +150 V and the front of the multichannel plates floated to this same voltage. For these experiments the output of the multichannel plates floated at about 2000 V and it was necessary to send the signal through the AC coupler prior to the preamp. The amplified signal was again sent to the transient recorder and then to the personal computer.
III. THEORY

A. Rotational structure
Although the resolution of this experiment is not sufficient to resolve all of the rotational structure present in the REMPI or ZEKE-PFI spectra, we were able to resolve the K structure in the e vibronic levels of both the A state of the neutral and the X state of the ion. In order to interpret this structure, some understanding of the rotational Hamiltonian is necessary. A brief description of this rotational Hamiltonians is given below and a more detailed description can be found elsewhere.
16,21-23
The high resolution LIF study 16 
where the quantity enclosed by large parentheses is a 3-j symbol.
The sum over n * , N * , l R includes all eigenfunctions appropriately weighted by coefficients, a n * , N * ,l R , that are excited by the "ionization" laser pulse and hence contribute to the wavepacket. The sum over K * , λ R allows the combination of the ion core and Rydberg functions into a case (d) like coupling scheme which has 
To calculate the transition matrix element, it is useful to construct the symmetric/antisymmetric linear combinations of the wavefunctions, which are eigenfunctions (with eigenvalues p = ±1) of the xz reflection, σ xz , of the C 3v group. We note that
and therefore define symmetrized basis functions as
where
In our calculation of the transition moment, we note that the spin-structure is not resolved in the ground state of the ion, hence we have neglected spin in our basis set for simplicity. Inclusion of spin would not alter our results because of the selection rule for the spin projection, Σ, on the C 3 axis of ∆Σ = 0 for the electric dipole transitions.
The corresponding symmetrized basis function for the v 6 = 1 level of the intermediate A state is defined in the usual way,
where the Ae ± are vibronic eigenfunctions of symmetry species e and transform analo-
The intensity of transitions to Rydberg states of particular rotational levels of the ion core are determined by evaluating the square of the electric dipole transition matrix element between states represented by Eqs. (8) and (10). This evaluation is performed in the Appendix where after tedious manipulation, we are able to express the result in terms of a Hönl-London-like line strength factor, S, where
with a l A and A l A defined in Eqs. (A5) and (A15). As shown in the Appendix the sum over l A in principle runs over all atomic states, but for an e vibronic state, symmetry restricts the only allowed values of λ A to those that satisfy the equation,
Indeed if we only consider s, p, and d functions then the only contributing atomic orbitals, 
Since the A state is fairly well represented by the p orbital, the strongest transitions would be expected to be governed by Eq. 13, with weaker transitions allowed by Eq. 14.
IV. RESULTS AND DISCUSSION
The energy necessary to directly ionize CdCH 3 is large enough to require a vacuum ultraviolet photon. To avoid this complication, a resonant two photon process was utilized with the vibrational levels of the A 2 E electronic state of the neutral CdCH 3 as intermediate states.
In addition to the simplification of not having to work in the vacuum ultraviolet region the two photon process has the added advantage that it enables one to have confidence that the ZEKE-PFI signal is from the correct species. In any photolytic dissociation process forming a radical species of interest, it is possible to have unwanted by-products. These other species can complicate the detection and determination of the spectral features from the desired product, and in the worse case lead to an incorrect attribution of the carrier. In the (1 + 1 ) detection scheme, one can virtually ensure the detection of the desired species if the first photon is on resonance with a known transition of the radical species of interest.
A further advantage of the (1 + 1 ) ionization approach, which will be demonstrated for The current reassignment of this band as 6 1 0 is based predominately upon the experimental data obtained in the present ZEKE-PFI studies but this assignment is consistent with ab initio calculations (see Table III ). As will be discussed in more detail in section IV B, the ZEKE-PFI transitions observed when 6 To verify that a good fit to the rotational structure could be achieved, the following analysis was performed. Since the apparatus used for these experiments does not have sufficient resolution to obtain a completely rotationally resolved scan, a trace of the rotational features of the band of interest was generated using the rotational constants from the previous work 16 . This trace was then fit with constants consistent with a transition to the Despite the drastic change in the vibrational assignment, the assignment of the rotational substructure of the band remains unchanged. Thus, it is possible to distinguish five rotational sub-bands with K = 0, −2, −3, 1, and 2 , as previously identified. Figure 3 shows this band in the observed REMPI spectrum with the K levels identified. Fig. 3 . For each of the transitions pumped, the excitation laser has been tuned to the center of the REMPI peak. The transition frequencies relative to the vibrationless level of the X 1 A 1 state of the ion are listed in Table I . Each of the spectra will now be briefly described.
ZEKE-PFI Spectra the A 2 E 1/2 origin and the adiabatic ionization energy (AIE)
Trace (a) of Fig. 2 shows the ZEKE-PFI spectrum obtained using the origin of the 32 , such as utilization of a pulse with a slow rise or multi step extraction pulses, have been developed to improve on the measurement. In the present study the electric field was varied from 0.5V to 10 V over a 3 cm gap of the ionization region. There was no measurable shift or broadening of the ZEKE-PFI peak as the extraction voltage was varied. Most likely, the lack of a measurable shift is due in part to the width of the features (about 8 cm −1 ) ,which is limited primarily by unresolved rotational structure, and by the fairly narrow range for which the electric field strength was varied. By taking the center of the rotational contour of the ZEKE-PFI signal, the AIE of CdCH 3 was determined to be 57105(6) cm −1 .
ZEKE-PFI Spectra via the
The ZEKE spectra from the vibrationless level (discussed above) of the A 2 E 1/2 state and with one quanta of either the ν 3 or ν 2 totally symmetric modes are presented in Fig. 2(a, b, d ).
The frequency axis in this figure represents the total energy from the vibrationless level of the ground state of the neutral CdCH 3 . These values were obtained by adding the frequencies of the excitation and ionization lasers. Each of the spectra is dominated by the vibrationally diagonal transition, which indicates that there is a relatively small change in geometry between the A 2 E 1/2 state and the ground state of the ion. As may be seen, the transition to the origin is the strongest feature in the spectrum when the origin of the A state of the neutral is used as the intermediate level. It is also seen, with greatly diminished intensity, in the spectrum taken via the A 2 E 1/2 ν 2 state. There is no observable feature at the origin in the spectrum recorded via the A 2 E 1/2 ν 3 band.
Spectra taken via both the origin and ν 2 contain broad, asymmetrically shaped bands which we assign to ν 6 ( 57852 cm −1 ) and combination bands ( 58272 and 58951 cm −1 ) involving this mode in the ion. The band at 58500 cm −1 in the ZEKE-PFI spectrum taken via the origin has a shape similar to the ν 6 band but cannot be assigned to any combination or overtone band that involves the ν 6 mode. It is therefore assigned to a transition to ν 5 , another e symmetry mode. The assignment of this feature as ν 5 is also consistent with the calculations of the mode's frequency (see Table III ). Also observed in the ZEKE-PFI spectra through the origin of the intermediate state are a couple features (58596 and 59008 cm −1 )
terminating on levels involving the 6 2 overtone in the ion. The experimentally determined frequencies for four ( ν 2 , ν 3 , ν 5 , ν 6 ) of the 6 vibrational modes of the ion are given in Table III .
As shown in Fig. 2(c) , when the mode now assigned as ν 6 in the intermediate
is excited, the bands associated with ν 6 in the ion become dominant features in the ZEKE-PFI spectrum. In trace (c) (taken via the K = 2 level), there is a small, yet observable peak terminating at the origin as well as at the ν 6 and 2ν 6 bands and the ν 3 + ν 6 combination levels of the X 2 A 1 state of the ion. Moreover we note from Fig. 2 (c) that bands containing ν 6 motion in CdCH behavior, because these respective vibrational levels differ only by one quantum of the symmetric mode ν 3 . The 2ν 6 band has a different internal structure but also changes with the K value of the intermediate level.
The structure observed in the ZEKE-PFI spectrum can be understood in terms of the selection rules derived in Section III B. We expect the ionized electron to be located in the Fig. 3 showing the REMPI spectrum of CdCH 3 . Still using the (K
rule, but now inserting the admixed value of K (given in parenthesis in Fig. 3 ), we predict a satellite transition for each first-order allowed ZEKE-PFI transition and Fig. 5 shows that in every case a weaker transition is observed at the predicted location.
At this point in the analyses all but two of the observed transitions in the 5 traces of 
V. CONCLUSIONS
The first ZEKE-PFI spectrum of any organometallic radical is reported. The ZEKE-PFI spectrum allows the AIE energy of CdCH 3 to be precisely determined.
In addition four of the six possible vibrational modes of the ion have been observed and their frequencies obtained. Comparison of these frequencies with those of the A and X states of the neutral as well as to ab initio calculations have been made.
Clearly resolved K rotational structure has been observed in v 6 = 1 for both the neutral A state and the X + state of the ion. These results offer a unique test of our understanding of the "rotational selection rules" in ZEKE-PFI spectroscopy. We have extended the previous theoretical formulation of the selection rules to cover the observed transitions. We find good agreement between our observations and the theoretical predictions.
The present experiments have demonstrated the ability to obtain experimentally ZEKE-PFI spectra, with both good signal/noise and resolution, for an organometallic radical species. We are in the process of extending our observations to other metal methyl radicals as well as to other complex chemical intermediates.
APPENDIX A: SYMMETRIC ROTOR LINE STRENGTH FACTORS
The intensity of the transitions between the A 2 E, ν The line strength S(eN + K + ; e N K ) is defined in the usual way, namely,
where µ Z is the zeroth component of the first order spherical tensor µ in a space-fixed-frame.
The space and molecule fixed frames are related by a rotation through Euler angles ω, so
where µ q are the components of µ in the molecule-fixed-frame.
Then the expression for the line strength factor is
where the coefficient, a N * ,K * ,l R ,λ R , in accordance with Eq. (8) is given by
We can, using A cor as the notation for the closed-shell core of the A state, approximate the vibronic eigenfunctions of both the intermediate A and Rydberg states in a similar manner:
To evaluate the matrix elements of the D 1 * 0 q (ω)µ q operator in the symmetrized basis set defined by Eqs. (8) and (10) it is convenient to present the rovibronic states of both A 1 and E vibronic symmetry in a uniform way:
where γ 1 and γ 2 label the vibronic wavefunctions and are defined by
where we have restricted the run over λ A such that the overall vibronic state has e symmetry.
No similar restriction exists on the run over λ R in Eq. (1), since only the vibronic symmetry on the ion core is known, not that of the Rydberg state.
Using this notation the matrix elements of D 1 * 0 q (ω)µ q can be evaluated in a straightforward manner:
The rotation operator D 
The non-zero dipole moment matrix elements are
with X + A cor essentially unity for our model of a one-electricon transition outside of a closed shell. The latter factor in C, of course, represents the vibrational overlap integral.
Note that the other two vibronic matrix elements in Eq. (A11) vanish because of the orthogonality of the vibrational functions. Further, we can evaluate the atomic matrix elements in Eq. (A10) to obtain
where l R µ l A is the reduced matrix element of the dipole moment operator.
Eqs. A9 and A12 can be combined with Eq. A8 to yield 
and the quantity in curly brackets is a 6-j symbol. level (see Fig. 3 ) as the intermediate state. 
TABLES
